To solve the problem of the chattering and strict requirement of the accurate parameter of the model in the sliding mode control, a fuzzy sliding mode controller is proposed in this paper. The new model is constructed by means of introducing fuzzy control into sliding mode control. Parameters of PID control method and reaching law are real-time updated by using fuzzy rule inference. The proposed method utilizes full advantages of fuzzy PID control and sliding mode control so that the position tracking performance and robustness of the system are remarkably improved. In addition, chattering of sliding mode control is reduced. Experiments results are presented to validate the correctness and effectiveness of the proposed method.
Introduction
EMA（Electro Mechanical Actuator, EMA）is a new type of aircraft control system actuator [1] . As the core part of EMA, the control effect of brushless DC motor directly determines the final performance of the whole EMA system. Sliding mode variable structure control is a robust nonlinear control method. The key point is to ensure the existence of the sliding surface and the system has good motion characteristics after entering the sliding surface [2] [3] . In the literature [4] , the neural network control method is introduced into the sliding mode variable structure control, which obtains a good control effect and eliminates the chattering phenomenon effectively.
In this paper, a fuzzy sliding mode variable structure controller is proposed. The control method can eliminate the chattering phenomenon and the system has good adaptive ability and robustness. Based on Matlab-Simulink, the feasibility of the method is verified by the simulation results of the brushless DC motor model.
Mathematical Model of Brushless DC Motor
In this paper, a three-phase six state brushless DC motor with Y connection is adopted. The mathematical model can be described by the armature voltage balance equation, electromagnetic torque equation and mechanical motion (load balance) equation.
The phase voltage equation can be written as follows: 
is the equivalent inductance. Neglecting the saturation effect of the magnetic circuit, we can get the overall voltage balance equation of the brushless DC motor:
In the equation, ε is back EMF, k ε is back electromotive force coefficient, θ is angular velocity. The expression of electromagnetic torque of Brushless DC motor is: Without considering the commutation process, the electromagnetic torque of the motor can be simplified into the form which is proportional to the armature current:
It is generally assumed that the brushless DC motor is in the form of inertia damping, then the equation of mechanical motion can be expressed as: θ is the desired position and is three order derivable. According to Eq. 3, Eq. 5 and Eq. 6, the state space equation of brushless DC motor position servo can be obtained as follows:
e e e e e a e a e bu d
; ;
Design of fuzzy Sliding Mode Variable Structure Controller
To show good robustness to load disturbance, sliding mode variable structure control is used [5] . For the position servo system described in Eq. 7, the design of sliding mode variable structure control needs to be defined as follows: In order to ensure that the system can converge to the sliding surface in finite time. Constant velocity reaching law is a common method:
The results of the design of the sliding mode variable structure controller are obtained by combining the equivalent control law and the reaching law:
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However, the traditional sliding mode variable structure controller requires the accurate model parameters, which increases the difficulty of the design of the traditional sliding mode variable structure controller, especially in Eq. 11 it also contains a perturbation term with load information d , which means that it is more difficult to obtain the exact parameters completely. In addition, for the existence of the fixed parameter k in the reaching law, when the system enters the sliding surface, the chattering phenomenon is easy to occur because of the large switching amplitude [6] . The fuzzy sliding mode variable structure control method is proposed to realize position servo control of Brushless DC motor. The structure of fuzzy sliding mode variable structure control is shown in Fig. 1 .
Compared to the traditional control, fuzzy PID control is used instead of the original equivalent control in Fig. 1 . Meanwhile, the fuzzy method is used to improve the original design of the reaching law which can be used to reduce or eliminate the chattering behavior when the system approaches the sliding surface [7] [8] . Then the original sliding mode variable structure controller equation can be written as bellow:
(12) The core of fuzzy sliding mode variable structure control is the design of fuzzy inference. The Gauss function is used to calculate the membership degree to realize the fuzzy value of the system tracking error and the sliding surface function value of two inputs. Subsequently, the reasoning is realized according to the preset fuzzy rules. Finally, by means of the weighted sum method, we can blur the inference results in order to fulfill the dynamic and real time updating of PID parameters and reaching law coefficients so that the final control effect shows strong robustness and adaptability. 
In the design of fuzzy rules, the PID parameters and the reaching law parameters are divided. The adjustment of PID parameters is mainly based on the tracking error while the adjustment of the law parameters is mainly based on the sliding surface function value. Table 1 . presents the fuzzy rules used in the inference process.
Simulink Verification
The simulation model of Brushless DC motor position servo system is built in MATLAB to validate the proposed fuzzy sliding mode variable structure control method.
The main parameters of the motor used in the simulation are as follows: 
The main design parameters of fuzzy sliding mode variable structure controller includes: In order to verify the performance of the fuzzy sliding mode variable structure control method perfectly, we also design the traditional sliding mode variable structure method and the fuzzy PID method based on the two control schemes for comparative analysis in the simulation.
The parameters of the fuzzy PID method are consistent with the relevant parameters of the fuzzy part of the proposed control method [9] . However, due to unpredictable load changes, we should ignore the load when calculating load correlation d (Here is to simplify the design and choose to ignore, in fact, other feasible way is to build additional observers to estimate it) [10] . In addition, the fixed approach law coefficient is determined by the actual debugging:
The comparison of the three control methods will be analyzed separately in two different situations: the external load disturbance and the system parameter uncertainty.
The tracking accuracy and robustness of different control methods are investigated under the condition of load disturbance. Fig. 2(a) is step response curve of the system, Fig. 2(b) is step response error curve of the system. On the whole, the three control methods show good tracking performance. However, it can be found that the chattering of the sliding mode variable structure control method is obvious after the steady state while the other two control methods are quite stable. In addition, from the angle of the system response time, the fuzzy sliding mode variable structure controller proposed in this paper is the fastest which fully embodies the advantages of adaptive law. Also the rising process of traditional is approximately linear and the main cause is the constant reaching law coefficient.
Fuzzy PID control is very sensitive to changes in load. The error has a significant mutation, and takes a long time to return to the original state. However, the fuzzy sliding mode variable structure control is superior to the other two methods in both the stability and the suppression of the load fluctuation and it shows good robustness. Step response error curve of the system
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To evaluate the dynamic performance, we design tracking experiment of sine motion whose frequency and amplitude is 4Hz and 18 π . Fig. 3(a) shows the overall tracking effect and the control methods show perfect tracking effect. The sliding mode variable structure control has the phenomenon of crossing, which is an indirect reflection of chattering problem. This can be further verified by observing the error curve. The comparison of the error curves in Fig. 3(b) shows the chattering phenomenon of sliding mode variable structure control. Meanwhile, after applying 20Nm external load to the system at 0.2s, Fuzzy sliding mode variable structure control has strong robustness to external load change, and can be recovered to the original state quickly.
Another potential uncertainty factor is the armature resistance drift caused by heat generation of the brushless DC motor. In the simulation design of system's parameter uncertainty, a limited bandwidth white noise with a power spectrum of [0,0.01] is superimposed on the armature voltage, The range of voltage fluctuation is between -10V and 10V; And the armature voltage can be changed from constant to a variable value whose initial value is 0.19Ω and after 0.2s steps to 1Ω .
Hence, three kinds of control methods are carried out on the no-load dynamic tracking experiment. The results show that the overall tracking effect of different control methods is quite good. In order to facilitate the intuitive analysis, Fig. 4 gives the local contrast curve of the error. The parameter's uncertainty of the brushless DC motor system has no significant effect on the tracking effect and robustness of the three control methods, in particular, the step change of the resistance value at 0.2s is not reflected in the error curve. As the fluctuation range of the supply voltage and the change in the resistance value caused by the heat are relatively small and do not change the motion characteristics of the brushless DC motor in essence and the three nonlinear control methods have certain robustness and can suppress the effect of parameter's uncertainty. Therefore, the whole system finally shows the relatively stable tracking error, as is shown in Fig. 4 .
Summary
In this paper, a fuzzy sliding mode variable structure control is proposed by combining fuzzy control and sliding mode variable structure control. This method can be used to control the motor quickly under the condition of uncertain model parameters. The simulation results show that the method is robust which can eliminate chattering phenomenon of sliding mode variable structure control and reduce the dependence on the accurate model of sliding mode variable structure control.
